Young seedlgs of Lavatera cretwa L. exhibit positive phototropism.
differences, they concluded that the phototropic response did not involve unequal interception of light by the two cotyledons.
Lavatera cretica L. (Malvaceae) is an annual weed growing along roadsides in Israel, whose leaves, as well as its cotyledons, track the sun with great precision throughout their life. As Malva neglecta (13) and Lupinus arizonicus (12) , L. cretica leaves possess a pulvinus at the juncture of the palmately veined lamina with the petiole, which adjusts the orientation of the lamina normal to the sun by creating a turgor differential across the appropriate segments of the pulvinus. We have recently shown (9) that the photoreceptor for this response is located in the lamina. The lamina reorients itself normal to a light beam striking it from above even when all its parts are equally illuminated. We have described these as vectorial phototropic responses.
In the present study, we have attempted to contribute to the understanding of the phototropic light perception by de-etiolated dicot seedlings, using L. cretica seedlings whose cotyledons contain the photoreceptor by which the lamina is reoriented normal to an oblique light beam.
Young, de-etiolated dicot seedlings exhibit a positive phototropic response by curvature of their hypocotyls (or stems) towards the source of unilateral illumination. There seems to be disagreement on the question whether this response depends solely on perception of unilateral illumination by the stem itself, or by the cotyledons (or young leaves) as well. On the one hand, Shibaoka and Yamaki (10) have suggested that the leaves participate in the phototropic light perception in sunflower since their excision resulted in partial loss of response. Similarly, Lam and Leopold (6) observed that, in vertical illumination, when one of the sunflower cotyledons was shaded, the hypocotyl curved away from it and, therefore, suggest that the hypocotyl curves in unilateral illumination because of quantitative differences in the light interception by the two cotyledons. Others have concluded that phototropically active light is perceived only by the stem (hypocotyl) itself and that the role of leaves (cotyledons) is restricted to the supply of growth regulators (3, 4, 8, 11) . A similar role was suggested for the lamina in the phototropic curvature of the petiole in some other plants (1, 5 (Fig. 1) . Where continuous photostimulation of the cotyledonary lamina was desired, the petiole was also inserted through the hole into the chamber, leaving the lamina flat on the partition. In this condition the lamina is fixed flat on the partition and can be continuously exposed to an oblique (or vertical) beam. Where it was desired to leave the lamina free to reorient, the petiole was left to project above the partition. In either case, the base of the hypocotyl was free to curve, whereas in rooted seedlings, the apical portion of the hypocotyl was free to curve, which results in passive reorientation of the cotyledons. This difference did not affect any of the phototropic responses of the seedlings.
Curvature of the hypocotyl was measured by the angle between the tangents to its basal and apical ends. Orientation of the lamina was measured as its angle of inclination to the horizontal.
Time course of the response in intact seedlings was followed by photographing them repeatedly. Time course of hypocotyl curvature in explants was followed by measurements of successive pencil tracings of the same hypocotyl, made entirely under a green safelight. Final curvature was measured after the response had been completed (6 h).
Results are means (± SE) of at least 10 intact seedlings, or 40 explants.
RESULTS
Young intact seedlings, exposed to unilateral illumination, exhibited positive phototropic curvature of their hypocotyls and petioles, as well as vectorial reorientation of their cotyledonary laminas by pulvinar response to face the light source (Fig. 2B ). The responsiveness of the hypocotyl coincided with its growth rate and ceased when elongation had come to an end (Fig. 3) . Responsiveness of the cotyledonary laminas remained unchanged from their unfolding to their senescence.
The hypocotyl exhibited approximately the same curvature in response to unilateral illumination when the cotyledons were fully exposed, as when their laminas only were in darkness, or even (for a limited time) after they had been excised (Fig. 4) .
In away from the remaining cotyledon, whether its lamina was covered (Figs. 2D and 5A) or exposed (Figs. 2C and 5B).
In the absence of one of the two cotyledons, a unilaterally illuminated seedling exhibited a positive phototropic response of its hypocotyl (ie. curvature towards the light source) when its remaining cotyledon was pointing away from the light source (Figs. 2F and 5C), but not when it was pointing towards it (Figs. 2E and SD). Time course studies of these responses showed (Fig.   6 ) that when the remaining cotyledon was pointing away from the light source, the curvature of the hypocotyl approached its final value at a steadily decreasing rate, exhibiting a saturation response. When the remaining cotyledon was pointing towards the light source, the hypocotyl initially curved towards the light, but this was subsequently reversed. In decotylized seedlings, the hypocotyl curved towards the light source, also exhibiting a saturation response.
The phototropic curvatures obtained by unilateral illumination of seedlings with a single cotyledon depended exclusively on the unilateral exposure to light of the hypocotyl itself. When the cotyledonary lamina was covered, the exposed hypocotyl curved towards the light only when the remaining cotyledon was pointing away from the light source, to the same extent as when the lamina was also exposed (compare Fig. 5 , G with C and Fig. 5 , H with D). When the hypocotyl was shaded, it curved away from the remaining cotyledon, and to the same extent, when the latter was pointing away from the light (Fig. 5E ), or towards it (Fig. 5F ). The extent of this curvature was similar to that of vertically illuminated seedlings with a single cotyledon (Fig. 5B) .
Using explants with a single cotyledon (Fig. 7) , it was found that the darkened hypocotyl curved away from the remaining cotyledon when its lamina was vertically illuminated (B), or in darkness (C), as well as when it was illuminated by a tip-oriented oblique beam (D). When, however, it was illuminated by a baseoriented oblique beam, the curvature of the hypocotyl was reversed, i.e. towards the remaining cotyledon (E). The cotyledonary pulvinus exhibited the typical vectorial phototropic responses when its lamina was exposed to an oblique beam (D and E). However, base-oriented illumination of the lamina failed to reverse the curvature of the hypocotyl (towards the remaining cotyledon) when the petiole was allowed to project above the partition of the explant chamber (cf. F and E). This was not due to exposure of the petiole to light because it took place only when the lamina was left free to orient normal to the beam, not when it was held horizontally and thus maintained at the same oblique angle to the base-oriented beam. Figure 8 quantifies the effects that tip-oriented and base-oriented illumination of the lamina have on curvature of the hypocotyl, when the lamina is free to reorient normal to the beam and when it is not free to do so. The time course ofcurvature ofthe hypocotyl away from the remaining cotyledon was greatly accelerated, and to the same extent, when the lamina was exposed to a vertical, or a tip-oriented beam, as compared to darkness (Fig. 9) .
It was further found that, when the hypocotyl of the explant inside the chamber was not in darkness, but unilaterally illuminated (Fig. 10) , it exhibited considerable positive phototropic curvature (ie. towards the light source), whether the lamina of the remaining cotyledon was in darkness (C and D), or illuminated with a base-oriented oblique beam (compare A and E), or a tiporiented oblique beam (compare B and F). However, the magnitude of curvature was greater when the remaining cotyledon was situated on the nonilluminated side of the hypocotyl (B, D, and E) than on the illuminated side (A, C, and F). When the remaining cotyledon was situated on the nonilluminated side, curvature of the hypocotyl was hardly affected by the direction of the beam incident on the lamina or by its total absence (B = D = E). When the remaining cotyledon was situated on the illuminated side, curvature of the hypocotyl was the same whether the lamina was in darkness or exposed to a tip-oriented beam but was considerably greater when it was exposed to a base-oriented beam (A > C F).
In the following experiments, explants were used from which only the radicle had been excised. When the hypocotyl was unilaterally illuminated, its curvature was the same whether the laminas of the two cotyledons were in darkness or exposed to an oblique beam (Fig. 11) . When the hypocotyl itself was in darkness, it exhibited positive phototropic curvature in response to oblique illumination of the cotyledonary laminas, but to a lesser degree than when it was itself unilaterally illuminated. However, when the laminas were free to reorient to a position normal to the beam (by allowing their petioles to project above the explant chamber), the hypocotyl failed to show any curvature.
The effects of base-oriented illumination of the lamina on reversing the curvature of the darkened hypocotyl took place in blue light but not in red light. Unilateral illumination of the hypocotyl itself with red light failed to produce a positive phototropic curvature when the lamina was illuminated with blue light, either base-oriented or tip-oriented (Fig. 12) . (Fig. 2) . The phototropic responsiveness of the hypocotyl to unilateral illumination paralleled its own growth rate and, therefore, may be ascribed to unequal growth on the exposed and shaded sides (Fig. 3) .
The responses of L. cretica (Fig. 4 ) are in agreement with those of other dicot seedlings (2, 8, 11) . These data support the conclusion that the hypocotyl itself contains the photoreceptor for its positive phototropic curvature in unilateral light since this response did not depend on directional information from the cotyledons, on their being in light or on any immediate supplies from them.
At the same time, the hypocotyl exhibited curvature even in nonunilateral illumination, or in darkness, when one of its cotyledons was excised. The direction of curvature was away from the remaining cotyledons, whether its lamina was in darkness (Figs.  2D and 5A ) or in light (Figs. 2C and 5B ). hypocotyl from the cotyledon. This response, therefore, may be described as "negatively organotropic".
The negative organotropic response was modified by interaction with the positive phototropic response. Thus, a unilaterally illuminated hypocotyl curved towards the light, to the same extent, when its single cotyledon, covered or exposed, was pointing away from the light (Fig. 5, C and G the hypocotyl. Time course studies (Fig. 6 ) indicated that the hypocotyl may have started to respond first to the phototropic stimulus and that this was subsequently reversed by the antagonistic organotropic response directed by the cotyledon.
The postulated interaction between the organotropic and phototropic responses is supported by results showing that when the hypocotyl was in darkness, its curvature was negatively organotropic and of equal magnitude, whether the lamina of the remaining cotyledon was pointing towards the source of unilateral illumination (Fig. 5F ) or away from it (Fig. 5E) .
The direction of the light beam intercepted by the cotyledonary lamina can also modify the organotropic response of the hypocotyl. The darkened hypocotyl of an explant exhibited negative organotropism by curving away from the single cotyledon when its lamina was in darkness (Fig. 7C ) or illuminated by a vertical beam (Fig. 7B) or by an oblique beam directed towards its tip (Fig. 7D) . When the oblique beam was directed towards the base of the lamina, the organotropism was reversed and the hypocotyl curved toward the cotyledon (Fig. 7E) . Figure 9 , which compares the kinetics of these effects, also indicates that, whereas a baseoriented beam reversed the organotropic effect, a tip-oriented beam and a vertical beam enhanced it (to the same extent), as compared to darkness. Excitation of a blue-absorbing, vectorial photoreceptor in the cotyledonary lamina affects the negative organotropic curvature of the hypocotyl (Fig. 12) . The same photoreceptor may be involved in the reorientation of the lamina normal to the light beam (9) . However, curvature of the hypocotyl is a result ofdifferential extension growth (Fig. 3) , whereas laminar reorientation is a result of differential turgor in the pulvinus (13) .
Extension growth is by nature auxin-dependent. We have previously suggested that: (a) in the mature leaf a darkened segment of the lamina induces "dark turgor" in the associated sector of the pulvinus, by means of polar transport of auxin to it; (b) exposure of such a leaf segment to a base-oriented beam leads to loss of turgor in the associated pulvinar sector, whereas its exposure to a tip-oriented beam leads to increased turgor; and (c) that these 
